Abstract: The rapidly developing urbanization since the last decade of the 20th century has led to extensive groundwater extraction, resulting in subsidence in Ho Chi Minh City, Vietnam. Recent advances in multi-temporal spaceborne SAR interferometry, especially with a persistent scatters interferometry (PSI) approach, has made this a robust remote sensing technique for measuring large-scale ground subsidence with millimetric accuracy. This work has presented an advanced PSI analysis, to provide an unprecedented spatial extent and continuous temporal coverage of the subsidence in Ho Chi Minh City from 2006 to 2010. The study shows that subsidence is most severe in the Holocene silt loam areas along the Sai Gon River and in the southwest of the city. The groundwater extraction resulting from urbanization and urban growth is mainly responsible for the subsidence. Subsidence in turn leads to more flooding and water nuisance. The correlation between the reference leveling velocity and the estimated PSI result is R 2 = 0.88, and the root mean square error Remote Sens. 2015, 7
Introduction
Urban flooding is a major hazard affecting our society [1, 2] . In Ho Chi Minh City (HCMC), flooding is becoming a more frequent and serious problem, as it happens as a result of both regular and extreme climatic events, such as tropical storms and typhoons [3, 4] . This problem can be seen to result mainly from : (1) the rise of sea level, for which the city ranks among the top 20 cities in the world to be severely affected by climate change [5, 6] ; and (2) the lowering of the land surface elevation, for which the rapid increase of population leads to excessive pumping of water from underground reservoirs [4, 7] . In response to the flooding challenges, besides climate change adaptation [4] , knowledge of ground subsidence, such as the spatial extent and temporal evolution, is essential.
Ground subsidence induced by water overexploitation of underground reservoirs is a common problem happening in many cities around the world [8, 9] . The most dramatic subsidence value has been reported in cities, such as 5 m in Tokyo, 3 m in Shanghai and 2 m in Bangkok, during the 20th century [6] . In HCMC, the rapid increase of ground water use started in the late 1990s (the groundwater abstraction was approximately 80,000 m 3 /day in 1950, 130,000 m 3 /day in 1960, 358,000 m 3 /day in 1996, 475,000 m 3 /day in 1998 and 583,000 m 3 /day in 2008, whereas the safe level of abstraction is less than 300,000 m 3 /day [10] ). This resulted in the water table lowering, leading to the subsidence of some areas in the city. Land subsidence at the rate of a few centimeters per year can be measured at many ground water pumping stations [7, 10] . Multi-temporal Synthetic Aperture Radar (SAR) Interferometry (InSAR), Differential Global Positioning System (DGPS) and leveling are widely used techniques to measure the ground deformation. However, techniques like leveling and DGPS can only measure ground subsidence at a few discrete points, not over a wide and continuous area. A multi-temporal InSAR approach [11] [12] [13] has already shown its ability to map ground deformation on a large spatial scale with short-term data sampling rates, associated with either ground subsidence (e.g., [14] ), co-seismic activity (e.g., [15] ) or landslides (e.g., [16] ), etc. Particularly in [13] , a maximum likelihood estimator-based method offers a rigorous way to jointly exploit not only stable point-like scatterers (so-called permanent scatterers (PS)), but also distributed scatterers (DS). Such an increased number of identified PS/DS points on the ground results in an increased confidence of the ground motion, compared to the previous PS algorithm [11] .
The purpose of the present paper is to: (i) present a detailed spatial ground subsidence trend of the Ho Chi Minh City area for the period of 2006 to 2010, outlining the importance of the rate (decreasing) of the velocity ground motion; (ii) discuss the role of the geological features and urbanization on the resultant subsidence; and (iii) discuss the implication of subsidence for flooding in the context of climate change. The study of the ground subsidence was based on the detailed analysis of ALOS PALSAR radar imaging.
The paper is structured as follows: in Section 2, the study site is introduced; Section 3 presents multi-temporal InSAR methodology; in Section 4, the results of ground subsidence are presented, a discussion of the role of the geological features and urbanization is provided, as well as a discussion of the implication of ground subsidence for flooding; in Section 5, conclusions are drawn.
Ho Chi Minh City Study Site and Dataset

Study Site and Problem Statement
The study area is composed of the urban and a part of the suburban region of Ho Chi Minh City, Vietnam. This is a megacity with a population of more than 7.5 million (in 2011) and great potential for developing industry, exports, tourism and services. It is located at 10.85 N latitude, 106.65 E longitude, lies about 55 km inland from the East Sea and is surrounded by the Sai Gon River system. The whole area is approximately 25 km × 30 km; see Figure 1 . The background is the composite image (red: Band 1; green: Band 2; blue: Band 3) of Landsat data in 2012 [17] , which allows us to observe the distribution of urban areas (in pink).
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Ho Chi Minh City Figure 1 . The study area is Ho Chi Minh City (HCMC) covering about 25 km × 30 km. The background image is the composite display (red: Band 1; green: Band 2; blue: Band 3) of Landsat data in 2012 [17] , which allows us to observe the distribution of urban areas (in pink). Table 1 . However, such rapid urbanization leads to the reduction of water supply (from the Sai Gon and Dong Nai Rivers through the Thu Duc Wasuco Company). People and the industries had to pump more groundwater. As a result, the groundwater table had been getting lower with a velocity of up to −2 m/year (from 2000 to 2006); see Figure 2a . This factor together with buildings and infrastructure loading consequently resulted in the state of stress change, leading to the change in the consolidation of soil layers. Such change certainly leads to land subsidence.
Ground Data
The ground data are from the HCMC subsidence monitoring project [10] In Figure 2a , confined aquifer groundwater stations are shown. At such stations, the water level value was available yearly from 2000 to 2006. One example is shown in Figure A1 in the Appendix, where the steady decline of the groundwater level can be observed. The velocity (m/year) of the water table was estimated and interpolated as contour lines. The confined aquifer (upper Pleistocene) layer is distributed in the whole city area. The average depth is from 50 m to 120 m, with the maximum value up to 138 m [10] . This layer is the main source for abstraction with a capacity approximately from 2.6 L/s to 19.3 L/s. Leveling data had been surveyed along selected routes in 2003 and in 2009. Each route leveling procedure was carried out by using an optical micrometer to determine the difference in level between points, allowing the elevation of given points above the mean sea level to be computed [20] . A zoom version of Figure 2a is provided in Figure A2 Figure 2b . Except for the high hill (up to 30 m) in the northeast of the city, the topography is quite flat and varies between 0 and 10 m with about a 3-m average height. In HCMC, the Cenozoic subsoil mainly includes Holocene and Pleistocene sediments [18] . There are four basic deposits ranking in the order of their compaction: silt loam, loam, sand and sandstone. Loam and silt loam deposits, which have a thickness varying approximately from 10 to 35 m, are mostly mud and/or have high organic content, distributed mainly along the Sai Gon River and the south of the city [18] . Even without human activities, for such deposits, the accumulating weight over each mud layer can easily squeeze water out of it, compressing it and causing surface subsidence. Before 1975 in HCMC, in such unstable areas, there was almost no human inhabitants and activities (except Districts 4 and 8) [18] . Figure 3a ,b shows the urban building density (percent) in 1993 and 2008, respectively. Figure 3c is the difference between 1993 and 2008, allowing us to examine the spatial distribution of urban expansion. In this work, we refer to such differences as the urban growth factor. In the study area, HCMC can be roughly classified into two regions based on the urban growth: (1) the urban core region, where the region is mostly finished with urbanization (such as Districts 1, 3, 4, 5, 6, 10, 11 and Phu Nhuan); and (2) the urban fringe region, where urban growth is mostly still taking place.
SAR Data
The Phased Array L-band Synthetic Aperture Radar (PALSAR) of the ALOS (Advanced Land Observation Satellite) data descending stack is from the Japan Aerospace Exploration Agency. In single-imaging mode, the resolution is about 4.7 m in the slant range and 4.5 m in the azimuth direction [21] . Each image has been resampled on a common grid (so-called master) on 11 December 2008. Table A2 in Appendix provides detailed information.
It is important to note that the Ho Chi Minh City site and other Asian areas are outside the Copernicus data policy of ESA. There is very little ESA data, e.g., ENVISAT ASAR, suitable for such applications, which typically require a stack of multi-temporal data. In this work, we find that the ALOS PALSAR data are the best dataset available for this study.
Methodology: PS/DS Processing Chain
The conventional spaceborne InSAR takes advantage of the geometry between two SAR acquisitions to obtain the interferometric phase, but this technique has issues relative to atmospheric, spatial and temporal decorrelations that cannot be efficiently eliminated, resulting in not entirely reliable interferograms that represent the ground deformation [22] . This deficiency has been overcome by a specific analysis considering phase changes in a series of SAR images acquired at different times over the same region.
The first approach is permanent/persistent scatters interferometry (PSI). This was developed by [23] , representing the first attempt to give a formal framework to the problem of multi-temporal InSAR. Instead of analyzing the entire images, the analysis is based only on the selection of a number of highly-coherent, temporally-stable, point-like targets within the imaged scene, which can be identified by analyzing the amplitude stability of every pixel [11, 24] . Such deterministic targets, named permanent/persistent scatterers (PS), often correspond to man-made objects widely available over an urban city, but are less present in non-urban areas.
Several approaches have been presented in the literature to perform SAR interferometric analysis over scenes where the PS assumption may not be retained, e.g., by considering distributed scatterers (DS). A number of these works share the idea of minimizing the effect of target decorrelation by the exploitation of a subset of interferograms taken with the shortest temporal and/or spatial baselines possible (small baseline subsets (SBAS)) [15, 25, 26] . This approach can be considered as the complement to the PSI approach [26] .
Finally, the attempt to combine PS and DS has been considered through maximum likelihood estimation (MLE) frameworks [13, 27, 28] . The rationale of MLE techniques is to exploit target statistics, represented by the ensemble of the coherences of every available interferogram, to design a statistically-optimal estimator for the parameters of interest. The advantage of this technique is that the criteria, which determine the weight of each interferogram in the estimation process, are directly derived from the coherences, through a rigorous mathematical approach. Furthermore, by virtue of the properties of the MLE, the estimates of the parameters of interest are asymptotically unbiased and of minimum variance [29] . However, a common drawback of these techniques is the need for reliable information about target statistics, required to drive the estimation algorithm. The MLE approach proposed by [27] consists of estimating the residual topography and the deformation rate directly from the data. This estimator is the most robust, due to the estimation of the whole structure of the model performed in a single step, but this would result in an overwhelming computational burden.
In the work by [13, 28] , the estimation process is split into two steps. In the first step, the MLE is used, which jointly exploits all of the N(N-1)/2interferograms available from N images, in order to squeeze the best estimates from the N − 1 interferometric phases. This step is known as phase linking [30] or phase triangulation [13] . Such a step is very powerful for DS-based phase calibration in forest SAR tomography frameworks, even with N = 6 images [31] . The computational burden of the first step is very low, but the same performance as the one-step MLE can be approached only under the condition that the N(N − 1)/2 phases are estimated with sufficient accuracy, as happens by exploiting a large estimation window and/or at a high signal-to-noise ratio. Once the first estimation step has yielded the estimates of the N − 1 interferometric phases, the second step is required to separate the contributions of the decorrelation noises from the parameters of interest, as in PSI.
PS/DS Processing Chain Detail
In this work, we are in principle following the two-step approach in the MLE framework, to exploit not only PS, but also DS information for estimating the deformation. The reader is referred to [13] for the full rigorous mathematical descriptions. In the following, the PS/DS processing chain adapted in this work can be described as follows: 
Ground Subsidence Results and Discussions
Ground Subsidence Results
The period of 2006 to 2010 using ALOS PALSAR data was processed by using the PS/DS processing chain mentioned in Section 3.1. More than 400,000 PS/DS measuring points in the ALOS PALSAR L-band (LOS angle: 34.9 degree) dataset were identified within an area extent of about 750 km 2 . We note that there is an area that lacks PS/DS points in the north part of Tan Binh District, which is the Tan Son Nhat airport. This can be due to temporal decorrelation caused by vegetation. Long wavelength P band is foreseen to yield better performances; see, for example, [32] . Assuming that most of the measured deformation corresponds to vertical displacement of the surface due to subsidence, we can then obtain vertical displacement through straightforward geometrical arguments. The assumption is supported by the fact that tectonics are found only in northwestern and in central Vietnam [33] . The date of 6 December 2006 was specified as the start temporal reference. The result is reported in Figure 4 . Positive velocities (blue colors) represent uplift; negative velocities (red colors) represent subsidence. The subsidence is detected in areas along the Sai Gon River and in the southwest of the city, where the land has sunk up to −12 cm after four years.
Furthermore, we assume that there is no obvious seasonal variability, so that the subsidence history can be approximated by a linear function. Such an assumption is supported by the fact that in HCMC, the groundwater abstraction is mainly from confined aquifer layers (at a 50-to 120-m depth), which are little affected by seasonal recharge. In Figure 5 , the averaged vertical velocity (mm/year) map is shown. In order to minimize the motion bias, the reference point was chosen for the interferometric analysis and located at the geological sandstone area in District 1, which is the most stable unit compared to the rest of the study area (see Section 4.3). If a PS/DS point exhibits a strong non-linear motion, e.g., a seasonal movement, it would result in a large residual with respect to the linear model and, thus, in a high standard deviation value. In Figure 6 , the standard deviation of the velocity was shown. The values are mostly less than 1 mm/year. Hence, it can be inferred that an almost linear subsidence is taking place in HCMC for the period of 2006 to 2010.
07-Dec
To compare velocity values obtained by the reference leveling and the estimated PS/DS result, a buffer of 200 m in diameter centered on each leveling route (see Figure 2a ) will be associated with a cluster of PS/DS. This will not only reduce the effects of noise from PS/DS measurements, but also ensure the same subsidence pattern. All of the PS/DS inside this cluster were used to calculate the average velocity of the cluster. The result is shown in Figure 7 . The correlation is R 2 = 0.88, and the RMSE is 4.3 (mm/year), confirming their good agreement. This is expected as compared with the previous works [28, 34, 35] . Hence, the PS/DS processing is effective at detecting and estimating the subsidence phenomena. Table A1 . The RMSE is 4.3 mm/year and the correlation is R 2 = 0.88.
Discussions
Land subsidence can be caused by a variety of processes, but based on those discussed in Section 4.1, we deem there are two drivers for the subsidence phenomena that need be highlighted, namely:
• Natural processes, in which the geological signature has an important role.
• Mixed processes, for which, due to urbanization, the subsidence problem becomes worse.
The aim of this section is to provide an interpretation of the results highlighted above. To reveal the rates of subsidence and the relation to the geology, all of the PS/DS inside each geological class were extracted and used to calculate their statistics values. In order to capture their distribution, the format for reporting in this paper is the mean and the standard deviation. It is important to note that in this form, the standard deviation number provides a concept of the distribution, rather than a metric of the accuracy of the measurement.
In Figure 8 , the subsidence rate results may be observed from the contributions of all geological classes. The subsidence of soft soils, namely loam and silt loam, is important. The mechanism of loam and silt loam geological classes is quite similar. However, relevant subsidence from the sandstone and sand geological classes was also observed.
We recall that in the areas where land subsidence happened, geological silt loam is the main geological factor. Therefore, we mainly consider the urbanization and geological silt loam areas in the following. The result is shown in Table 2 .
We can observe the dual relation between urbanization and groundwater withdrawal, in that the faster the urban growth, the faster the groundwater table lowering. The velocity of groundwater of −1 m/year has an important contribution to the subsidence process. Coupled with urban growth, the subsidence problem simply becomes worse. 
Implications of Ground Subsidence
The aim of this section is to provide a discussion of the implication of ground subsidence for flooding. To reveal the land displacement rates in detail, we calculated the average value for each district and report it in Table 3 . A new topographic elevation map in 2010, where measured subsidence was removed from the elevation value in 2003, is presented in Figure 9 . The average displacement value for each district for the period 2006 to 2010 was also reported. In 2010, after nearly four years, most of the region located in the unstable areas, where the geological loam and silt loam deposits are dominant, had sunk by up to −5 cm (Districts 7, 8, Binh Thanh and Nha Be). On the contrary, the most stable area is District 1 (−0.4 ± 0.9 cm), where the geological deposits are mostly sandstone and sand. With this in mind, we discuss the following implications of the land displacement for the flooding.
Ho Chi Minh City is located in a tropical delta area, with a rising sea level, and on the banks of the Sai Gon River. Furthermore, the water levels in the rivers surrounding and crossing HCMC are quite high. The average elevation of the deepest water level of the Sai Gon River from 2008 to 2011, recorded monthly at Phu An station (see Figure 5 ) is 1.38 ± 0.12 m with the maximum value of 1.59 m (in December 2011) [19] . The water surface elevation of the rest is certainly different and dependent on the nature of the landscape and channel dimensions. Such elevation can be estimated by using hydraulic modeling (e.g., [36] ), but this is beyond the scope of this paper. In fact, we can observe that many low-elevation regions in HCMC (see Table 3 and Figure 9 ) are well below the water surface elevation of 1.38 m and, hence, could be inundated. One example is reported in Figure 10 , where flooding and water nuisance directly impact on the city residents. This shows one of the worst flooding events recorded in 2013, at the location that is close to the leveling ID 35 shown in Figure 2a . This was on 7 November 2013, when the water surface elevation at Phu An station was up to 1.62 m, resulting in many places around HCMC being completely inundated [37] . In the context of global climate change, ocean thermal expansion and glacier melting are the dominant contributors to the global mean sea level rise [38] . Such a rise considerably influences human populations in coastal and island regions [39] . From 1993 to 2009, the mean rate of sea-level amounted to 3.3 ± 0.4 mm/year [40] . As a result, the river water level in HCMC is foreseen to accelerate (e.g., [3] ), due to sea water flowing (from the estuary mouth in the south of the Sai Gon River) into the river system. In the context of the local land subsidence, the urban development and land subsidence are interlinked and interact negatively; see Section 4.2. The average land surface has sunk from 2006 to 2010 at −8.0 mm/year. Hence, the ground surface is sinking faster than the sea level is rising. These are obviously the dominant contributors to increasing the risk of flooding, but the local land subsidence plays a more significant role than the rise in sea level. Although the impacts of sea level rise are potentially large (e.g., [40, 41] ), future works should take the subsidence factor into account to reduce the uncertainty of the results (the velocity map and displacement history are freely available for download).
Conclusions
This work has presented an analysis of the ground subsidence phenomena in Ho Chi Minh City. The advanced multi-temporal InSAR technique, which jointly manages the estimation of both PS and DS targets, is applied to this site using 18 ALOS images acquired from 2006 to 2010. The average subsidence velocity map has been retrieved by the PS/DS processing, and the validation indicates good agreement with leveling data. This allows us to provide an unprecedented spatial extent and continuous temporal coverage of the subsidence of HCMC. The study shows that subsidence is most severe in the Holocene silt loam areas along the Sai Gon River and in the southwest of the city. The urbanization and urban growth, which have resulted in more groundwater extraction, are mainly responsible for the subsidence in HCMC. Subsidence in turn leads to flooding and water nuisance.
The correlation between the reference leveling velocity and the estimated PS/DS result is R 2 = 0.88, and the RMSE is 4.3 (mm/year), confirming their good agreement. From 2006 to 2010, the estimation of the average subsidence rate is −8.0 mm/year with the maximum value up to −70 mm/year, potentially suffering damages in the midterm. After four years, in regions along Sai Gon River and in the southwest of the city, the land had sunk up to −12 cm. If not addressed, subsidence leads to an increase of inundation, both in frequency and spatial extent. Regarding climate change, HCMC will be confronted with flooding more often as a result of sea level rise, with the mean rate up to 3.3 ± 0.4 mm/year. However, subsidence will be appreciably greater locally. It is essential to consider these two factors, because the city is inhabited by more than 7.5 million people where subsidence directly impacts on urban structures and infrastructure. Further works should be carried out by applying the PS/DS technique using new coming SAR data, e.g., ALOS PALSAR 2 and Sentinel-1, to continuously monitor the ground subsidence phenomena. The detailed information of the ALOS PALSAR L band data descending stack is reported in Table A2 . 
